Oxalurate, the gratuitous inducer of the allantoin degradative enzymes, was taken into the cell by an energy-dependent active transport system with an apparent Km of 1.2 mM. Efflux of previously accumulated oxalurate was rapid, with a half-life of about 2 min. The oxalurate uptake system appears to be both constitutively produced and insensitive to nitrogen catabolite repression. The latter observations suggest that failure of oxalurate to bring about induction of allophanate hydrolase in cultures growing under repressive conditions does not result from inducer exclusion, but rather from repression of durl,2 gene expression.
Saccharomyces cerevisiae can utilize allantoin as sole nitrogen source by degrading it in five steps to ammonia, carbon dioxide, and glyoxylate (9, (14) (15) (16) ; T. G. Cooper , M. Gorski, and V. Turoscy, Genetics, in press). The enzymes catalyzing these degradative reactions are all inducible, and allophanic acid, the last pathway intermediate, has been shown to be the native inducer (7, 8, 16 ). Sumrada and Cooper reported that the allophanate analog oxalurate (OXLU) could bring apout high levels of induction and was not apparently metabolized in any way by the cell (11) . Subsequently Bossinger et al. (4) used this compound in studies of nitrogen catabolite repression. They concluded that decreases of the allantoin degradative enzymes observed in cultures growing under repressive conditions probably resulted from a loss of synthetic capacity.
The latter two studies were hampered by the unavailability of radioactive OXLU. In the first case we could not unequivocally exclude the possibility that a small amount of OXLU was modified after entry into the cell, because we were using low-resolution colorimetric assays to detect any changes that might have occurred. In the second instance questions could be raised concerning our interpretation of the repression experiments. It was possible that the inability of cells growing in rich medium to induce the allantoin degradative enzymes was the result of inducer exclusion. Although we showed this interpretation of our work to be unlikely by using 10 mM urea as inducer of the allantoin system (1) (["C]urea uptake via the facilitated diffusion system was directly shown to be insensitive to nitrogen repression), we could not effectively answer the question when OXLU was used as an inducer. In addition, the future use of OXLU as a highly effective means of inducing the allantoin pathway enzymes required that we have some understanding of its mode of entry into the cell and the effects of various physiological conditions on the rate of entry.
In view of these considerations, we synthesized radioactive OXLU and used it to study the characteristics of OXLU transport into the cell. We also used these preparations to more rigorously verify that OXLU is not altered in any way after its uptake into the cell.
A preliminary account of this work has already appeared (Abstr. Annu. Meet. Am. Soc. Microbiol. 1979, K12, p. 147).
MATERIALS AND METHODS
Strains. All strains used in this work were prototrophic diploid organisms. Strain M25 is our standard wild type and was prepared as described earlier (14) . Strain M62 lacks urea carboxylase [urea:CO2 ligase (ADP)(6.3.4.6)] activity (durl) and is hence unable to degrade urea to ammonia and carbon dioxide.
Culture conditions. The medium used throughout these experiments was that of Wickerham (17) . Glucose (0.6%) and ammonium sulfate (0.1%) were used as sole sources of carbon and nitrogen unless otherwise indicated. Cell density measurements were routinely made with a Klett-Summerson colorimeter (500-to 570-mm band-pass filter). One 211°C with some discoloration). A sample of our preparation was dissolved in water along with several nmilligrams of authentic OXLU and passed over a Dowex-1-X8-acetate ion-exchange resin. TI'he chromatogranm was then developed with a 400-ml gradient of 0 to 0.5 M NaCl. All of the radioactive material was eluted as a single sharp peak which coincided with elution of authentic OXLU followed colorimetrically. No other radioactive material was observed in the column eluate. The elution profile was similar to that shown in Fig. 1 . The radioactive preparation also comigrated with authentic OXLU as a single species on a paper chromatogram (data not shown). The solvent system used to develop the chromatogram was capable of resolving OXLU from all of the allantoin pathway intermediates and the known by-products of the synthetic scheme used for its synthesis.
Two additional tests of identity and purity were performed with strains of S. cerevisiae in a biological assay. In the first test, a sample of our radioactive material was incubated with permeabilized cell suspensions of durl (urea carboxylase minus) and wild-type strains; the urea degradative enzymes were fully induced in both strains. After prolonged incubation, all carbon dioxide produced was collected, and its radioactivity content was determined (15) . Any urea or allantoin degradative intermediates would be degraded to CO2 by wild-type cells, but not by the mutant. We observed only 0.44 and 0.18% of the input radioactivity as CO2 after incubation of wild-type and mutant cells, respectively. Therefore, our maximum contamination by urea or compounds that could be degraded to it was 0.26%c.
The only! known function of oxalurate in S. ceret4stae is to serve as gratuitous inducer of the allantoin degradative enzymes. Therefore, our second test was to compare the abilities of authentic OXLU and our radioactive material to induce allophanate hydrolase [allophanate amidohydrolase (EC 3.5.1.13)], the last enzyme of the pathway. As shown in the inset of Fig. 1 , our radioactive preparation and standard OXLU yielded identical dose-response curves over a 100-fold concentration range. generation in the presence of the OXL U, the cells were harvested by filtration, washed with medium devoid of OXL U, and suspended in a solution of chloroform, methanol, and water (1:7:2). Precipitated material was removed by centrifugation, and the supernatant solution was concentrated by evaporation under a stream of dry, high-purity nitrogen. Authentic non-radioactive OXLU was added to the extract, and it was passed over a column of Dowex-1-acetate resin. The fractions collected were assayed for their radioactivity content and also for ureido group-containing material (the authentic OXLU added) with a colorimetric assay (12) . Inset, Comparison of the ability of authentic OXLU and the radioactive material that we prepared to serve as inducers of allophanate hydrolase. A culture of strain M25 was grown to a cell density of 30 Klett units. At that time the culture was divided into 10 portions, and the indicated concentrations of authentic oxalurate (0) or the material that we prepared (0) was added to each portion. One generation later, the cultures were sampled for assay of allophanate hydrolase by our standard procedures (4).
Accumulation of allantoin against a concentration gradient. Three possible modes of OXLU uptake are possible: simple and facilitated diffusion and active transport. The latter is unique in that solute is accumulated inside the cell against a concentration gradient. As shown in Fig. 2 To determine whether or not oxalurate was modified after entry into the cell, a large culture was permitted to accumulate OXLU, and the soluble cellular components were extracted with aqueous chloroform-methanol. Authentic carrier was added to this material, and it was passed over a Dowex-acetate column and eluted with a linear salt gradient. As shown in Fig. 1 figure) . A 2.0-ml sample was removed at this time (the zero-time sample) for assay of its OXLU content, and the remaining cells were harvested by filtration, washed with fresh medium devoid of oxalurate, and resuspended in the same OXL Ufree medium. Thereafter, 2.0-ml samples were removed and processed as described in the text. The data are expressed as nanomoles of intracellular ['4C]OXLU observed in 2.0-ml samples of culture.
The times indicated in the figure refer to the time spent in OXLU-free medium before the sample was removed for assay. Inset, Effect of nystatin on oxalurate retention. A culture of strain M25 was grown to a cell density of 60 Klett units. At that time, ['4C]OXLU was added to a final concentration of2.0 mM. Thereafter, samples were removed for 10 min as indicated in the figure. At this time, nystatin (9 pg/ ml) was added to the culture, and sampling was continued as before. All samples were processed as described in the text. Data are expressed as nanomoles of intracellular OXLU observed in 2.0 ml of culture.
tures provided with good nitrogen sources such as serine, glutamine, or asparagine. One explanation suggested by some investigators was that OXLU, the inducer, could not enter the cell (inducer exclusion) and hence induction did not occur. Although we did not agree with this view, we could not test the hypothesis directly at that time. However, we now have had an opportunity to make such tests. They were performed by measuring the initial rate of OXLU uptake in cultures growing on a wide variety of nitrogen sources. As shown in Table 2 , the rate of uptake varied up to fourfold depending on the nitrogen source provided. However, there was no demonstrable relationship between uptake rate and the ability of a particular nitrogen source to repress synthesis of the allantoin degradative enzymes. Cells growing in minimal proline medium, one of our least repressive nitrogen sources, accumulated OXLU much more slowly than cells provided with either serine or glutamine. The latter compounds are the most repressive nitrogen sources available.
The rate of OXLU uptake was also measured after addition of several compounds to the medium just before assay (Table 2) . Allantoate was the only compound in this group to significantly affect OXLU uptake. In the presence of this metabolite, OXLU uptake was depressed up to sevenfold. As shown in Fig. 5 , allantoate appeared to be a competitive inhibitor of OXLU and thus increased the apparent Michaelis constant for OXLU. This result is not too suprising because allantoate is a reasonable analog of OXLU.
Effect of protein synthesis inhibitors on OXLU uptake. In past studies, we observed that starvation results in a dramatic increase in the rate of allantoin uptake (13) . To ascertain whether a similar reponse occurred with respect to OXLU uptake, we starved a wild-type culture overnight for ammonia and then monitored its ]OXLU and its exchange with non-radioactive OXLU provided to a growing culture of S. cerevisiae. A culture of M25 was grown as described in Fig. 3 . At zero time, 2 mM radioactive OXLU was added, and the culture was allowed to incubate for 14.5 min. At that time, a 2.0-ml sample was removed for assay as described in the text. At 15 min, non-radioactive OXLU was added to the remaining culture (3.0 mM final concentration of nonradioactive OXLU). Thereafter, 2.0-ml samples were removed and processed. The data are expressed as nanomoles of radioactive oxalurate contained in 2.0 ml of culture at the times indicated in the figure. rate of uptake. As shown in Table 3 , the initial rate of OXLU uptake was decreased seven-to eightfold. Similar decreases in OXLU uptake were observed after prolonged treatment of the test culture with trichodermin, a potent inhibitor of protein synthesis (3, 8) .
DISCUSSION
The data presented above denmonstrate that OXLU is accumulated within the cell against a modest concentration gradient. Uptake is mediated by an energy-dependent active transport system possessing an apparent Michaelis constant of 1.2 mM. Since OXLU is not a normal metabolite of S. cerevisiae, it is presumably transported by an uptake system associated with some other cellular constituent. Information presently available does not permit identification of this system or even certify that only one system performs this function. However, we have been able to delineate many of the physiological parameters associated with OXLU uptake, and this, after all, is the information needed most when the compound is employed as a nonmetabolizable inducer. The system(s) associated with OXLU transport appears to be constitutively produced, a conclusion based on our inability to increase the rate of uptake regardless of what compounds were added to the culture medium. The transport system(s) also appears to be insensitive to nitrogen repression. These characteristics raise the possibility that OXIU uptake may be mediated by a biosynthetic transport system, because most, if not all, of the catabolic uptake systems are inducible and/or repressible (4, 6, 12, 13) . Another very useful characteristic of OXLU uptake is the fact that it can be quickly removed from cells by resuspending them in medium devoid of the compound. This is most advantageous for experiments involving pulse induction of the allantoin degradative enzymes by inducer addition and removal.
The direct demonstration that OXLU uptake is insensitive to nitrogen catabolite repression in strain M25 supports our earlier conclusions concerning repression of the allantoin degradative enzymes (1, 4) . In those early experiments, we suggested that synthesis of allophanate hydrolase was repressed by growth on good nitrogen sources. The possibility that lack of enzyme induction by cultures growing in repressive minimal glutamine, asparagine, or serine media was the result of inducer exclusion, an alternative interpretation of our data, seems to be excluded by the present observations.
The present studies also offer further support for the conclusion that OXLU is a true nonmetabolizable inducer of the allantoin system -LJ 4 
